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Cryptorchidism is a common reproductive abnormality, pos-
sibly resulting from abnormal hormone production/action by
the fetal testis. Insulin-like factor 3 (Insl3) is thought to be
involved in gubernaculum development and transabdominal
testicular descent, but its importance is unclear, due partly to
lack of suitable Insl3 antibodies. We generated (by genetic
immunization) and validated a novel antirat Insl3 antibody,
which we used to characterize immunoexpression of Insl3 in
rat Leydig cells (LCs) from fetal life until adulthood and its
relationship to cryptorchidism. Immunoexpression was
strong on embryonic day (E) 17.5 and E19.5 and from 35 d of
age onward but weak from E21.5 until puberty. Because in
utero exposure to di (n-butyl) phthalate (DBP) induces cryp-
torchidism and suppresses Insl3 gene expression, we investi-
gated Insl3 protein expression in fetal and adult rats exposed

to 500 mg/kg�d DBP from E13.5 to E21.5. Expression on E17.5
and E19.5 decreased dramatically after DBP exposure, but
there was no consistent correlation between this suppression
and abnormal testis position. We also compared expression of
Insl3 and P450 side-chain cleavage enzyme in fetal testes from
rats exposed in utero to DBP or flutamide (50 mg/kg�d). DBP
treatment suppressed expression of both P450 side-chain
cleavage enzyme and Insl3 at E19.5, but flutamide exposure
had no effect on either protein, demonstrating that Insl3 ex-
pression in fetal rat LCs is not androgen regulated. In adult rats,
Insl3 expression was suppressed in 80% of cryptorchid and 50%
of scrotal testes from rats exposed to DBP, suggesting that pre-
natal DBP exposure also leads to maldevelopment/malfunction
of the adult LC population in some animals. (Endocrinology 146:
4536–4544, 2005)

FAILURE OF TESTICULAR descent (cryptorchidism) is
the most common congenital abnormality found in chil-

dren, occurring in at least 2–4% of male births (1–3). Al-
though the causes of cryptorchidism are probably multifac-
torial, it is thought that deficiencies in production or action
of testosterone and/or insulin-like factor 3 (Insl3), also
known as relaxin-like factor (RLF), by the fetal testis are likely
to be important. Furthermore, cryptorchidism is often asso-
ciated with other abnormalities of the male reproductive
system, such as hypospadias, low sperm counts, and testic-
ular germ cell cancer, associations that have led to the hy-
pothesis of a testicular dysgenesis syndrome (4). Lifestyle/
environmental factors are thought to be involved in the
etiology of testicular dysgenesis syndrome (4, 5).

It is generally accepted that the role of testosterone in
normal testicular descent centers on the final, inguinoscrotal

phase (6, 7), and it is disorders of this phase of descent that
account for most cases of cryptorchidism, especially those
that resolve spontaneously in the first few months after birth
(6). More recently, a role for Insl3 in development of the
gubernaculum (8, 9) and in the transabdominal phase of
testicular descent, has emerged (for reviews see Refs. 10–12)
after demonstration of impaired gubernacular development
and testis descent in Insl3�/� mice (13, 14). The latter find-
ings prompted investigations of the potential importance of
mutations/polymorphisms in the Insl3 gene in cases of hu-
man cryptorchidism, but so far these have not provided
evidence of a major role for Insl3 gene defects in testicular
maldescent (15–19). Therefore, although the Insl3 knockout
studies in mice are highly suggestive of a key role for this
hormone in testis descent, definitive evidence for an impor-
tant role in spontaneous cases of cryptorchidism is still lack-
ing. One obstacle to such studies has been the lack of avail-
ability of good antibodies to Insl3 that would enable its
detection in tissue sections and/or its measurement in blood
(11).

An Insl3 antibody that works in mice has been available
(20), and just recently antibodies that allow detection of Insl3
in blood in humans have become available (21, 22), but oth-
erwise there have been major problems in generating useable
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antibodies to Insl3, probably because of its complex structure
(11). As a result, there are few definitive data on age-related
changes in Insl3 expression/production by the Leydig cells
(LCs) and whether changes in Insl3 protein expression cor-
relates in any way with failure of testicular descent. To ad-
dress these deficiencies, we developed an antibody to rat
Insl3, using genetic immunization and, after validation, have
used this antibody to characterize Insl3 protein expression in
LCs in the rat testis throughout fetal and postnatal life. We
also investigated Insl3 immunoexpression in the fetal testis
in a model system involving in utero exposure of rats to di
(n-butyl) phthalate (DBP), in which a high incidence of tes-
ticular maldescent is induced in association with alterations
in gubernacular development and suppression of Insl3 gene
expression (23). Our results demonstrate major changes ac-
cording to both fetal and postnatal age in Insl3 expression in
the LCs but do not show a consistent relationship in fetal life
between testicular malposition and reduced Insl3 expression
in the fetal LCs, although such a relationship is evident in the
adult cryptorchid testis.

Materials and Methods
Animals and treatments

Wistar rats were maintained in our own animal facility according to
United Kingdom Home Office guidelines and were fed a soy-free breed-
ing diet (SDS, Dundee, Scotland). For some experiments, time-mated
females were treated from embryonic day (E) 13.5 to E21.5 with either
0 (control) or 500 mg/kg DBP (Sigma-Aldrich Co. Ltd., Dorset, UK) in
1 ml/kg corn oil administered daily by oral gavage. This dose has been
shown previously to result in a high incidence (�75%) of unilateral
and/or bilateral cryptorchidism in Wistar rats as well as other dysge-
netic changes in the testis (24, 25). Other time-mated females were
treated from E15.5 to E21.5 with either 0 (control) or 50 mg/kg flutamide
(Sigma-Aldrich) in 1 ml/kg corn oil administered daily by oral gavage.
The DBP and flutamide used were both 99% pure according to the
supplier’s data.

To induce total ablation of the LCs in the adult rat testis (26, 27), males
aged approximately 75 d were injected ip with 75 mg/kg ethane dimeth-
ane sulfonate (EDS) in 1:3 (vol/vol) dimethylsulfoxide-water and were
then killed 6 d later and their testes perfusion-fixed with Bouins solution,
as described previously (28, 29). In one instance, testes from control and
EDS-treated rats were not fixed but were cut into pieces and rapidly
frozen on dry ice and then stored at �80 C before protein extraction for
Western blotting.

For RNA studies time-mated, untreated pregnant female Sprague
Dawley rats were purchased from Elevage Janvier (Le Genest Saint Isle,
Laval, France).

Sample collection and processing

Fetal samples. Control and DBP-treated pregnant dams were killed by
inhalation of carbon dioxide on E15.5 (n � 2 control), E17.5 (n � 2 control,
n � 3 DBP), E19.5 (n � 3 control, 3 DBP), E20.5 (n � 1 control, 2 DBP),
or E21.5 (n � 2 control, 2 DBP). Fetuses were removed, decapitated, and
placed in ice-cold PBS (Sigma-Aldrich). After incision of the abdominal
wall, the location of both testes was carefully recorded as being high
abdominal (adjacent to the kidney), midabdominal, or inguinal (nor-
mally descended). Testes were then removed via microdissection and
either fixed for 1 h in Bouins solution or transferred to an Eppendorf tube
and frozen immediately on dry ice for subsequent protein extraction.
Fixed testes were transferred to 70% ethanol and then weighed before
being processed for 17.5 h in an automated Leica TP1050 processor and
embedded in paraffin wax. Gubernacula were also microdissected from
some fetuses at E19.5, fixed, and embedded as described above for the
testes. Representative fetuses from the aforementioned litters were sub-
sequently used for the immunohistochemical and protein expression
studies detailed below.

For RNA studies, dams were anesthetized by an ip injection of 40
mg/kg sodium pentobarbital (Sanofi-Synthélabo, Libourne, France) on
E18.5, E19.5, and E20.5. Gubernacula were removed from male fetuses
by microdissection and frozen immediately in liquid nitrogen.

Postnatal samples. Male rats aged 4, 10, 15, 25, 35 or 90 d (adults) were
anesthetized via flurothane inhalation and then killed by cervical dis-
location. Testes were carefully inspected for normality of the epididymis
and vas deferens and then removed, weighed, fixed for 5–6 h in Bouins
solution, and then transferred into 70% ethanol. Adult testes were
halved after approximately 3 h fixation to aid penetration of the fixative.
Testes were embedded in paraffin as described above. The results re-
ported in the present studies derive from males from at least two to three
separate litters per age group. At autopsy, testicular position was clas-
sified as high abdominal (at level of the kidney), midabdominal, ingui-
nal, or scrotal, which enabled classification of testes in 90-d males into
cryptorchid or scrotal groups. In controls, all testes were scrotal in
position. The prevalence of unilateral and bilateral cryptorchidism in
DBP-exposed adult males was 75 and 25% respectively.

For RNA studies, male rats aged 4 or 90 d (adults) were killed as
described above. Gubernacula were microdissected from 4-d animals
whereas testes, efferent ducts, and kidneys were all obtained from adult
rats and all organs frozen immediately in liquid nitrogen. The testes from
some adult animals were not frozen but were used instead for purifi-
cation of LCs using a method previously described (30).

Extraction of testis protein

Whole testes from E17.5 fetal rats or small slices of testes from adult
rats were used for extraction of protein. Frozen tissue was transferred
to 1.5 ml Eppendorf tubes on ice, to which was added 75 (for fetal
samples) or 200 �l (for adults) of ice-cold lysis buffer comprising 0.15 m
NaCl, 50 mm Tris-HCl (pH 7.4), 5 mm EDTA, 1% (wt/vol) sodium
deoxycholate, and 0.1% (wt/vol) sodium dodecyl sulfate and containing
one tablet of Complete protease inhibitor (Roche Diagnostics GmbH,
Mannheim, Germany) per 10 ml. Tissue was homogenized and kept on
ice for 60 min. The homogenate was then centrifuged at 10,000 rpm for
5 min at 4 C and the supernatant removed. Before storage at �80 C, a
small aliquot of supernatant was removed and protein concentration
measured using the Protein Dc assay kit (Bio-Rad Laboratories, Hemel
Hempstead, UK) according to the manufacturer’s instructions. All sam-
ples were assayed in triplicate.

Generation of antirat Insl3 antibody

To generate a polyclonal antirat Insl3 antiserum, we used the genetic
immunization approach, in which an expression vector is introduced
into cells of the skin by ballistic DNA transfection, directing them to
produce the desired antigenic protein and to present it to the animal’s
immune system, most likely in its native conformation (31). To construct
an expression vector for the rat Insl3 protein, total RNA from adult rat
testis was reverse transcribed using SuperScript II (Invitrogen, Carlsbad,
CA) according to the manufacturer’s protocol and subjected to PCR
using ProofStart polymerase (QIAGEN, Hilden, Germany) and Insl3-
specific fusiogenic primers. These were designed to amplify the com-
plete coding sequence (32) consisting of leader peptide, B, C, and A
chains and contained overhanging restriction sites for EcoRI and SalI to
allow directed ligation of the amplicon into the respective sites of the
commercially available expression vector pDisplay (Invitrogen). To the
3� end of the Insl3 sequence, a further coding sequence for the peptide
stretch GGGDPREQ was added to serve as a spacer toward the myc
epitope tag and membrane anchor encoded in the pDisplay vector, with
the purpose of improving independent native folding of the Insl3 part
within the resulting fusion protein.

The PCR product had the expected size, was restriction digested, gel
purified, and cloned into pDisplay. Sequencing analysis revealed that no
mutation in the Insl3 sequence had occurred during amplification and
cloning. Expression capability of the construct was confirmed by trans-
fection into COS7 cells using Lipofectamine 2000 (Invitrogen) followed
by immunofluorescence staining of transfected and mock-transfected
cells. The primary antibody was a monoclonal against the myc tag
(EQKLISEED) of the fusion protein, using undiluted culture supernatant
of the respective hybridoma line 9E10 (a gift from Nicholas Hunt, Evotec
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AG, Hamburg, Germany), and the secondary antibody was Cy3 con-
jugated (AffiniPure goat antimouse IgG; Jackson ImmunoResearch Lab-
oratories, Dianova, Hamburg, Germany). Only the transfected cells ex-
hibited strong fluorescence (not shown), predominantly at the cell
membranes in which the fusion protein is attached via a platelet-derived
growth factor receptor transmembrane domain. This cell-specific stain-
ing was confirmed using a polyclonal rat antihuman Insl3 antiserum
(22), apparently due to a moderate cross-reactivity of the antihuman
antibody with rat Insl3 (data not shown).

Two rabbits were immunized with the expression construct using a
Helios gene gun (Bio-Rad, Munich, Germany) essentially as described
previously (31), with the following modifications: 12 shots were per-
formed per animal at each immunization, and 10 d before killing, one
rabbit was injected with 200 �l of a membrane preparation in PBS from
one T75 flask of COS7 cells 40 h after transfection with the Insl3 ex-
pression construct. Immediately before harvesting, these cells were pre-
incubated with the last bleed (1:500 in PBS, 30 min room temperature)
from the second rabbit. Membrane preparation was performed as de-
scribed previously (33). Immunofluorescence staining of transfected
COS7 cells with the final antiserum (1:750) gave strong positive signal,
whereas the preimmune serum, secondary antibody only, and staining
of mock-transfected cells were all negative (not shown).

Immunohistochemistry

The antirat Insl3 antibody described above was used at a dilution of
1:100. P450 side chain cleavage enzyme (P450scc) and Insl3 receptor
(LGR8), respectively, were localized using a rabbit polyclonal antibody
(Chemicon, Chandlers Ford, UK) at a dilution of 1:400 and a goat poly-
clonal antibody (Santa Cruz Biotechnology Inc., Santa Cruz, CA) at a
dilution of 1:40. Sections of 5 �m were mounted onto coated slides
(VWR, Poole, UK), dewaxed, and rehydrated. Slides were incubated for
30 min in 3% (vol/vol) hydrogen peroxide in methanol to block en-
dogenous peroxidase activity and then washed in Tris-buffered saline
[TBS; 0.05 m Tris, 0.85% (wt/vol) NaCl (pH 7.4)]. Nonspecific binding
sites were blocked with an appropriate normal serum diluted 1:5 in TBS
containing 5% (wt/vol) BSA before the addition of the primary antibody
and overnight incubation at 4 C. After washing in TBS, slides were
incubated for 30 min with biotinylated swine antirabbit IgG secondary
antibody (Dako, Ely, UK) diluted 1:500 in the blocking mixture. This was
followed by 30 min incubation with horseradish peroxidase-labeled
avidin-biotin complex (Dako). Immunostaining was developed by ap-
plication of diaminobenzidine (liquid DAB�; Dako), and slides were
counterstained with hematoxylin, dehydrated, and mounted using Per-
tex mounting medium (Cell Path, Hemel Hempstead, UK).

Image capture

Nonfluorescent images were examined and photographed using a
Provis microscope (Olympus Optical, London, UK) fitted with a Kodak
DCS330 digital camera (Eastman Kodak, Rochester, NY). Fluorescent
images were captured using a Zeiss LSM 510 Axiovert 100M confocal
microscope (Carl Zeiss Ltd., Welwyn Garden City, UK). Images were
compiled using Photoshop 7.0 (Adobe Systems Inc., Mountain View,
CA).

Western blotting

Testis protein extract was boiled for 5 min in buffer comprising 50 mm
Tris-HCl (pH 6.8), 100 mm dithiothreitol, 2% (wt/vol) sodium dodecyl
sulfate (all Sigma-Aldrich), 10% (vol/vol) glycerol (VWR) and 0.002%
(wt/vol) Bromophenol Blue (Bio-Rad) before loading 10 �g of protein
per lane onto a 12% (vol/vol) polyacrylamide gel. Samples were elec-
trophoresed on a Mini-Protean II system (Bio-Rad) at 200 V for 45 min,
and gels were then transferred to blotting buffer comprising 12 mm Tris
base, 96 mm glycine (both Sigma-Aldrich), and 20% (vol/vol) methanol
(VWR) and blotted onto a polyvinyl difluoride membrane (Immo-
bilon-P; Millipore, Watford, UK) using a TE 22 transfer unit (Amersham
Pharmacia Biotech, Little Chalfont, UK) run at 45 V for 4 h. Membranes
were blocked for 1 h at room temperature in TBS containing 0.1%
(vol/vol) Tween 20 (Sigma) (TBST) and 5% (wt/vol) skimmed milk
powder and then incubated overnight at 4 C with Insl3 antibody diluted
1:1000 in the blocking mixture. The membranes were washed exten-

sively in TBST and then incubated for 1 h at room temperature with
peroxidase-conjugated goat antirabbit IgG diluted 1:4000 in TBST. After
further washing in TBST, bound antibodies were detected using an
ECLplus system and Hyperfilm exposure (both Amersham Biosciences,
Little Chalfont, UK) according to the manufacturer’s instructions.

RNA extraction and RT-PCR analysis

Total RNA was extracted from each gubernaculum using a method
previously described (34). Sequences encoding Insl3 and actin mRNA
were amplified by RT-PCR. The Insl3 sequence-specific primers used
were: sense 5�-CGCCAAGCTCTGTGGTCA-3� and antisense 5�-CT-
GAGAAGCCTGGTGAGGAA-3� (NCBI accession no. NM_053680).
cDNA was prepared from 4 �g RNA using 40 ng of random hexanucle-
otides (Roche Molecular Biochemicals, Mannheim, Germany) and 200 U
Moloney murine leukemia virus-reverse transcriptase (Promega, Mad-
ison, WI), according to the manufacturer’s instructions. PCR was carried
out on 40 ng cDNA in a final volume of 25 �l containing 0.6 U Taq
polymerase (QIAGEN, Courtaboeuf, France) and 0.2 �m of each primer.
Actin amplification was performed as a control for RNA quality, quan-
tity estimation, and reverse transcriptase efficiency. The samples were
denatured at 94 C for 5 min. Amplification was carried out using 35
standard PCR cycles with a 60 C annealing temperature using a thermal
cycler. Aliquots of 15 �l of each PCR sample were subjected to electro-
phoresis on 1.8% (wt/vol) agarose gels. Bands were visualized, after
staining with 0.5 mg/ml ethidium bromide, under UV illumination
(Multimage Light Cabinet; Alpha Innotech Corp., San Leandro, CA). The
RT-PCR products were identified by sequencing using the BigDye sys-
tem (Applied Biosystems, Foster City, CA) and an ABI 310 sequencer
(PerkinElmer, Wellesley, MA).

Results
Validation of Insl3 antibody

Using the rabbit antirat Insl3 antibody described above,
intense immunostaining was detected in the cytoplasm of
LCs in control rats at E17.5 but was dramatically reduced in
the LCs of all E17.5 animals exposed to DBP in utero (Fig. 1),
confirming earlier findings based on Insl3 mRNA expression
(23). Strong immunostaining for Insl3 was also seen in the
LCs of adult rats but was completely absent in the testes of
animals in which the LC population had been ablated by
treatment with EDS (Fig. 1). No immunostaining was evident
in sections from control rat testes when preimmune serum
was used in place of the Insl3 antibody (Fig. 1). In controls,
Insl3 immunostaining was not uniform throughout the cy-
toplasm but was often strongest in a circular-ovoid region
close to the nucleus, suggesting that the antibody may detect
an unprocessed form of Insl3 concentrated within the Golgi
apparatus. This interpretation was supported by Western
blotting of protein extracted from testes of E17.5 control and
DBP-exposed rats and adult control and EDS-treated rats. In
samples from control animals (Fig. 2), the antibody detected
a protein band corresponding approximately to the molec-
ular weight of unprocessed pro-Insl3 (35), and this band was
absent/reduced in samples from DBP-exposed and EDS-
treated animals (Fig. 2) and was also absent when the mem-
brane was incubated with preimmune serum, thus confirm-
ing the specificity of the antibody.

Developmental expression of Insl3

Immunoexpression of Insl3 was examined at E15.5, E17.5,
E19.5, and E21.5 and 4, 10, 15, 25, and 35 d after birth and in
adult animals. Results are shown in Fig. 3. Immunopositive
LCs were evident in the testes of rats at E15.5, although at this
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stage they were relatively sporadic. Immunoexpression of
Insl3 was very intense in all LCs at E17.5 and E19.5 but
declined sharply at E21.5 and then remained low until 15 d
after birth. Immunoexpression of Insl3 increased at 25 d of
age and again at 35 d, when intensity of immunostaining was
similar to that seen in adult animals (Fig. 3).

Relationship of altered Insl3 expression to altered
steroidogenesis/androgen action in fetal life

Because maternal DBP treatment of the rat results in sup-
pression of testosterone production (24, 25, 36) and associated
suppression of steroidogenic enzymes such as P450scc (37, 38),
we compared the immunoexpression of Insl3 and P450scc in
testes of fetuses at E19.5 from mothers treated during preg-
nancy with vehicle (control), 500 mg/kg�d DBP or 50 mg/kg�d
flutamide. The DBP treatment, as expected, led to marked sup-
pression of P450scc immunoexpression in testes of nine of nine
animals (from three different litters) and marked suppression
of Insl3 in six of nine animals (Fig. 4). In contrast, flutamide

exposure had no detectable effect on immunoexpression of
either protein in any animal (seven of seven) (Fig. 4), despite
causing profound antiandrogenic effects elsewhere in the de-
veloping reproductive tract/genitalia (data not shown). This
suggests that androgens are not involved in regulation of Insl3
immunoexpression in fetal LCs.

Relationship between Insl3 immunoexpression and testis
position in fetal life

DBP exposure in utero is clearly associated with reduced
expression of both Insl3 mRNA (23) and protein (present
study) in the testis and causes abnormalities of gubernacular
development (23) and testicular descent (24, 39, 40). We
therefore investigated whether fetal testes that were malde-
scended also exhibited reduced immunoexpression of Insl3
when compared with testes from control and DBP-exposed
animals in which a normal testis position was recorded. We
restricted these studies to E19.5 and E20.5 because descent of
the testes to an inguinal position is normally complete by this
age, and it was already established that most, but not all,
DBP-exposed animals exhibited suppression of Insl3 expres-
sion at both E19.5 (Fig. 4) and E20.5 (not shown). We selected
fetal testes from five DBP-exposed animals (from three dif-
ferent litters) in which an abnormally high testis position
(adjacent to the kidney) had been recorded at death and
compared these with six DBP-exposed animals (from three
different litters) in which a normal (inguinal) position of the
testes had been recorded; this included some animals from
the same litters as those with a high testis position. Addi-
tionally, six control animals (from two different litters) with
normally descended (inguinal) testes were also used for ref-
erence. Results are shown in Table 1. All control animals
showed intense, and relatively constant, immunoexpression
of Insl3 in all cases. DBP-exposed animals with abnormally
descended testes showed reduced immunoexpression of
Insl3 in three of five cases, whereas DBP-exposed animals
with normally descended testes exhibited reduced immu-
noexpression of Insl3 in five of six cases. There was thus no
consistent relationship between the recorded testis position
and Insl3 immunoexpression in the same testis.

FIG. 1. Representative photomicrographs showing im-
munoexpression of Insl3 in Leydig cells of testes from
fetal and adult rats. Strong immunostaining was de-
tected in testes from control E17.5 (A) and adult (C)
animals, but this was reduced markedly in E17.5 rats
exposed in utero to DBP (B) and was absent in adults in
which Leydig cells had been ablated by treatment with
EDS (D). Insets, Tissue sections incubated with preim-
mune serum. Scale bar, 100 �m.

FIG. 2. Upper panel, Western blot of proteins extracted from the testes
of E17.5 rats exposed in utero to vehicle control (lane 1) or DBP (lane 2)
and adult control (lane 3) or EDS-treated rats (lane 4), probed with
antirat Insl3 antibody. Lower panel, Identical samples probed with pre-
immune serum. Molecular weights are indicated on the left. The Insl3
antibody detected a protein (arrow) the size of which corresponds ap-
proximately to the molecular weight of unprocessed pro-Insl3.
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FIG. 3. Immunoexpression of Insl3 throughout development. Panels A–K show Leydig cell immunostaining in testes from E15.5, E17.5, E19.5,
and E21.5 and 4, 10, 15, 25, and 35 d and adult rats, respectively. Immunoexpression was very high between E17.5 and E19.5, declined
dramatically in late gestation, increased around puberty, and again reached high adult levels by 35 d of age. Scale bar, 100 �m.

FIG. 4. Comparison of Insl3 (upper panels) and P450scc
(lower panels) immunoexpression at E19.5 after in utero
exposure to vehicle control (A and D), DBP (B and E), or
flutamide (C and F). The lack of effect on either protein
of exposure to flutamide is interpreted as evidence for
absence of androgen regulation of Insl3 expression in
fetal LCs. Scale bar, 100 �m.
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Immunoexpression of Insl3 and its receptor (LGR8) in
the gubernaculum

Because there was no consistent relationship between ab-
normal position of the testis in DBP-exposed rats and the
suppression of Insl3 in these animals, we were prompted to
investigate whether Insl3 action on the gubernaculum might
occur independently of its testicular expression. We there-
fore looked for expression of Insl3 in the gubernaculum itself
and detected strong Insl3 immunostaining in this tissue at
E19.5, which was located in the outer muscular layers (Fig.
5). In this same layer, immunoexpression of the Insl3 receptor
(LGR8) was also detected (Fig. 5). However, when we at-
tempted to confirm the expression of Insl3 mRNA in the
gubernaculum of fetal rats using RT-PCR, we were unable to

detect the presence of any transcript (Fig. 6). It is therefore
concluded that the Insl3 immunostaining detected in the
gubernaculum is Insl3 protein bound to its receptor.

Effect of DBP on Insl3 expression in adult rats and
relationship with testis position

We examined both testes from eight adult rats (from three
litters) exposed in utero to DBP, exposure that had resulted
in either unilateral or bilateral cryptorchidism in all animals.
Cryptorchid testes were characterized by a predominance of
Sertoli cell-only seminiferous tubules, whereas scrotal testes
were largely normal (not shown; see Ref. 24). Insl3 immu-
noexpression in LCs of control adult rats was intense and
exhibited little variation in intensity between animals (Fig. 7).
However, in contrast to what was found in DBP-exposed
animals in fetal life, in adulthood Insl3 immunoexpression in
80% (eight of 10) of cryptorchid testes from DBP-exposed
animals was markedly and consistently reduced (Table 2 and
Fig. 7). Unexpectedly, Insl3 immunoexpression was also con-
sistently reduced in 50% (three of six) of scrotal testes from
animals exposed in utero to DBP (Table 2 and Fig. 7).

Discussion

In this study we developed, validated, and applied a novel
antibody against rat Insl3. This antibody has been used to
study expression of Insl3 at the protein level in the LCs of rats
throughout fetal and postnatal life and investigate the effect
on its expression of in utero exposure to DBP or flutamide. In
the fetal rat, only sporadic immunoexpression of Insl3 was
detectable before E17.5, but intense expression occurred be-
tween E17.5 and E19.5 with much lower expression at E21.5.
The pattern of Insl3 immunostaining within the LC cyto-
plasm and our Western blotting results suggest that the an-
tibody detects unprocessed pro-Insl3 in the Golgi apparatus.
In postnatal rat LCs, Insl3 expression remained very low
until around puberty, at which time its expression steadily
increased to reach a maximum level by 35 d of age and into
adulthood. We also related variation in LC expression of
Insl3 in the fetal testes of rats exposed in utero to DBP to their
position in an attempt to relate reduced immunoexpression

TABLE 1. Insl3 immunoexpression and testis position in fetal life

Control DBP-exposed
high testis

DBP-exposed
inguinal testis

n 6 5 6
Reduced Insl3

immunoexpression
0 3 5

Table shows numbers of control and DBP-exposed animals at E19.5
and E20.5 in which the testis position was either high (adjacent to
kidney) or normal (inguinal) and in which Insl3 immunoexpression
was reduced. Testes from all control animals were inguinal.

FIG. 5. Immunoexpression of Insl3 (A) and its receptor LGR8 (B) in
rat gubernaculum at E20.5. Immunostaining of both proteins was
detected in the same region and pattern. Because Insl3 mRNA could
not be detected in this organ (see Fig. 6), it is likely that we detected
receptor-bound Insl3. Scale bar, 100 �m.

FIG. 6. RT-PCR analysis of Insl3 mRNA in the fetal, postnatal, and
adult rat. No Insl3 mRNA was detected in fetal gubernaculum. Lane
1, Adult testis; lane 2, adult testis reverse transcriptase (RT) control;
lane 3, E19.5 gubernaculum; lane 4, 4 dpp (days postpartum) guber-
naculum; lane 5, 4 dpp gubernaculum RT control; lane 6, adult ef-
ferent ducts; lane 7, adult efferent ducts RT control; lane 8, adult
Leydig cells; lane 9, adult kidney; and lane 10, PCR-negative control.
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of Insl3 in LCs with failure of normal testis descent; however,
we could not find a robust relationship between these two
parameters. In contrast, Insl3 immunoexpression was mark-
edly suppressed in the LCs of 80% of cryptorchid testes from
adult rats exposed in utero to DBP. We also demonstrate that
Insl3 protein, but not mRNA, is detectable by immunostain-
ing in the gubernaculum of the fetal rat testis and localizes
to the same region as does the Insl3 receptor (LGR8).

The sporadic expression of Insl3 at E15.5 is not unexpected
because this time marks the start of fetal LC differentiation
(41), whereas the high level of fetal expression from E17.5 to
E19.5 is consistent with the role of Insl3 in determining gu-
bernaculum development during the transabdominal phase
of testicular descent, which occurs during this period (12). In
addition, the developmental pattern of Insl3 protein expres-
sion, which we have observed presently, agrees well with
previous studies showing that levels of both Insl3 mRNA in
mice (20, 42) and serum Insl3 in rats (43), increase coincident
with the onset of puberty and with a study that found similar
levels of mRNA in fetal and adult rats (9).

One of the main objectives of the present study was to
confirm a key role for suppression of Insl3 in the etiology of
cryptorchidism in rats exposed in utero to DBP (24, 39, 40).
Previous studies have shown that Insl3 mRNA expression in
the fetal rat testis was suppressed markedly at E18 and E19
after exposure to DBP (23, 44), and our present findings
confirm that this is also true at the protein level because
immunoexpression was dramatically reduced at both E17.5

and E19.5 when Insl3 expression in control animals was
maximal; this is the period during which transabdominal
descent of the testis takes place. Our study therefore provides
further indirect confirmation of the role of Insl3 suppression
in DBP-induced cryptorchidism. However, within individ-
ual animals we did not find any consistent correlation be-
tween the suppression of Insl3 immunoexpression and the
occurrence of abnormally located testes at E19.5. This dis-
parity could indicate that there is not a straightforward re-
lationship between Insl3 protein expression within LC and
the levels of this protein in blood, which is what will deter-
mine its effect on the gubernaculum. Because DBP exposure
also results in marked suppression of fetal testosterone pro-
duction (23–25, 36, 44, 45) and because androgens also play
early and late roles in testicular descent (11), our present
findings may indicate that it is the degree of coincident
suppression of testosterone and Insl3 in individual animals
that determines whether cryptorchidism occurs. In this re-
gard, it is notable that in vitro studies have shown that Insl3
and androgens interact to regulate gubernacular develop-
ment (9, 46). Furthermore, it has been shown that DBP can
suppress fetal gene expression of enzymes involved in an-
drogen biosynthesis at lower doses than used in the present
study, whereas suppression of Insl3 gene expression occurs
only at a dose of 500 mg/kg�d (44). Determining whether
DBP-induced suppression of fetal Insl3 protein expression is
also dose dependent may help to clarify the respective roles
of Insl3 and androgen in testicular descent.

We were also prompted to explore whether suppression of
testosterone production by DBP exposure might itself be a
factor leading to suppression of Insl3 in the LCs. We tested
this by comparing the effects of in utero exposure to DBP or
flutamide on the immunoexpression of Insl3 and P450scc
because suppression of the latter has been shown to coincide
with suppression of fetal testicular testosterone levels (25, 37,
38, 47). This showed clearly that flutamide treatment had no
effect on either P450scc or Insl3 immunoexpression, whereas
DBP exposure drastically suppressed immunoexpression of
both proteins at E19.5. Because other antiandrogenic effects

TABLE 2. Insl3 immunoexpression and testis position in adult life

Control
DBP-exposed
cryptorchid

testes

DBP-exposed
scrotal
testes

n 4 10 6
Reduced Insl3

immunoexpression
0 8 3

Table shows numbers of adult animals exposed in utero to vehicle
control or 500 mg/kg�d DBP in which the testis position was either
cryptorchid or scrotal and in which Insl3 immunoexpression was
reduced. Testes from all control animals were scrotal.

FIG. 7. Immunoexpression of Insl3 in Leydig cells of
adult rats after in utero exposure to vehicle (controls) or
DBP and its relationship to testis position. Expression of
Insl3 was high in all control animals (A) but was dra-
matically reduced in 80% of cryptorchid testes from
DBP-exposed animals (B). Expression was unaffected in
half of scrotally located testes from DBP-exposed ani-
mals (C) but was reduced in the remainder (D). Scale
bar, 100 �m.
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of flutamide treatment are evident within the testis of these
animals (our unpublished data), we consider these data as
strong evidence for the absence of androgen involvement in
the regulation of Insl3 expression in the fetal LCs.

Our failure to demonstrate a consistent relationship be-
tween suppression of Insl3 immunoexpression in fetal LCs
and testicular maldescent in individual animals prompted us
to consider the possibility that the Insl3 acting on the gu-
bernaculum might not derive from the testis. In this regard,
we detected Insl3 immunostaining in the fetal rat gubernac-
ulum at E17.5-E19.5, but RT-PCR analysis failed to confirm
the presence of mRNA for Insl3 in gubernacular extracts.
However, LGR8 transcripts are known to be expressed in the
gubernaculum (9, 48), and in the present study, LGR8 and
Insl3 immunostaining were found in the same area of the
gubernaculum and in a similar pattern, suggesting that the
Insl3 immunostaining which we detected was receptor-
bound Insl3.

In common with other studies in rodents and humans (see
references above), we found that expression of Insl3 in the
adult generation of LCs increases around the time of puberty
and that expression in LCs in adult rats was similar to the
high level seen in fetal LCs. Together, these findings suggest
strongly that, apart from its role in testicular descent, Insl3
may have an alternative role in germ cell support/spermat-
ogenesis. This interpretation is supported by reports that
transcripts of the Insl3 receptor LGR8 are present in the testes
of adult rats (48, 49) and humans (21) and that, in the rat,
transcripts first appear in late puberty (4 wk) and are ex-
pressed in the germ cells, but not LCs, of adult animals in a
stage-specific manner (49).

In the present study, 100% of adult rats exposed in utero
to DBP exhibited either unilateral or bilateral cryptorchid-
ism, and many of the seminiferous tubules in cryptorchid
testes exhibited a Sertoli cell-only morphology. In contrast to
what we found during fetal life, there was a strong correla-
tion between the occurrence of cryptorchidism and suppres-
sion of Insl3 expression in adulthood. Because the DBP ex-
posure was confined to fetal life, an obvious possibility is that
suppression of Insl3 in the LCs of adult cryptorchid testes is
a secondary consequence of cryptorchidism. However, two
pieces of evidence suggest that this interpretation is unlikely.
First, Insl3 immunoexpression in half of the scrotally located
testes of DBP-exposed adult animals was also reduced,
whereas such low expression was never observed in any
testes from control animals. Second, studies in mice have
shown that induction of experimental cryptorchidism does
not significantly alter expression of the Insl3 mRNA in the
testis (50). Our findings therefore suggest that disturbance of
normal testis development, as a result of in utero exposure to
DBP, leads both to cryptorchidism and maldevelopment/
malfunction of the adult LC population and that one man-
ifestation of the latter is suppression of Insl3 expression.

In conclusion, the present findings demonstrate that sig-
nificant age-related changes in expression of Insl3 protein
expression occur in both the fetal and adult generation of LCs
in the rat. Our finding of major suppression of Insl3 immu-
noexpression at E17.5-E19.5 in the testes of most rats exposed
in utero to DBP fits with the high incidence of testicular
maldescent in such animals, although in individual animals

no consistent relationship between testicular malposition
and suppression of Insl3 immunoexpression was evident.
This finding may indicate that cryptorchidism results from
the combined suppression of both Insl3 and testosterone,
rather than just because of Insl3 suppression. This conclusion
might explain the relative paucity of evidence from human
studies for a key role for Insl3 mutations/polymorphisms in
cases of cryptorchidism (19) and would fit with current con-
cepts that disorders such as cryptorchidism, which may com-
prise a testicular dysgenesis syndrome (4, 5), stem from a
fundamental dysfunction of testicular LCs and/or Sertoli
cells rather than from a single defect. Our finding of in-
creased expression of Insl3 in adult LCs as they mature adds
to evidence in the literature to suggest a role(s) for this
hormone in the adult testis, and in this regard our findings
also show that Insl3 expression in adult cryptorchid testes of
rats exposed in utero to DBP is grossly suppressed.
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technical assistance. We also thank Christiane Beig, Inga Heinsohn,
Fabienne Seyfried, and Gudrun Dubberke for excellent technical assis-
tance with the gene gun immunizations.

Received June 6, 2005. Accepted July 12, 2005.
Address all correspondence and requests for reprints to: Professor

R. M. Sharpe, Medical Research Council Human Reproductive Sciences
Unit, Centre for Reproductive Biology, The University of Edinburgh
Academic Centre, Edinburgh EH16 4TJ, United Kingdom. E-mail:
r.sharpe@hrsu.mrc.ac.uk.

This work was supported by the European Commission via EDEN
(contract QLK4-CT-2002-00603).

References

1. Toppari J, Larsen J, Christiansen P, Giwercman A, Grandjean P, Guillette
LJJ, Jegou B, Jensen TK, Jouannet P, Keiding N, Leffers H, McLachlan JA,
Meyer O, Muller J, Rajpert-De Meyts E, Scheike T, Sharpe R, Sumpter J,
Skakkebaek NE 1996 Male reproductive health and environmental xenoestro-
gens. Environ Health Perspect 104:741–803

2. Brucker-Davis F, Pointis G, Chevallier D, Fenichel P 2003 Update on cryp-
torchidism: endocrine, environmental and therapeutic aspects. J Endocrinol
Invest 26:575–587

3. Boisen KA, Kaleva M, Main KM, Virtanen HE, Haavisto A-M, Schmidt IM,
Chellakooty M, Damgaard IN, Mau C, Reunanen M, Skakkebaek NE, Top-
pari J 2004 Difference in prevalence of congenital cryptorchidism in infants
between two Nordic countries. Lancet 363:1264–1269

4. Skakkebaek NE, Rajpert-De Meyts E, Main KM 2001 Testicular dysgenesis
syndrome: an increasingly common developmental disorder with environ-
mental aspects. Hum Reprod 16:972–978

5. Sharpe RM, Skakkebaek NE 2003 Male reproductive disorders and the role
of endocrine disruption: advances in understanding and identification of areas
for future research. Pure Appl Chem 75:2023–2038

6. Hutson JM, Hasthorpe S, Heyns CF 1997 Anatomical and functional aspects
of testicular descent and cryptorchidism. Endocr Rev 18:259–280

7. Hutson JM, Hasthorpe S 2005 Testicular descent and cryptorchidism: the state
of the art in 2004. J Pediatr Surg 40:297–302

8. Kubota Y, Nef S, Farmer PJ, Temelcos C, Parada LF, Hutson JM 2001 Leydig
insulin-like hormone, gubernacular development and testicular descent. J Urol
165:1673–1675

9. Kubota Y, Temelcos C, Bathgate RA, Smith KJ, Scott D, Zhao C, Hutson JM
2002 The role of insulin 3, testosterone, mullerian inhibiting substance and
relaxin in rat gubernacular growth. Mol Hum Reprod 8:900–905

10. Ivell R, Bathgate RA 2002 Reproductive biology of the relaxin-like factor
(RLF/Insl3). Biol Reprod 67:699–705

11. Ivell R, Hartung S 2003 The molecular basis of cryptorchidism. Mol Hum
Reprod 9:175–181

12. Klonisch T, Fowelr PA, Hombach-Klonisch S 2004 Molecular and genetic
regulation of testis descent and external genitalia development. Dev Biol
270:1–18

13. Nef S, Parada LF 1999 Cryptorchidism in mice mutant for Insl3. Nat Genet
22:295–299

McKinnell et al. • Insl3 in the Rat and DBP-Induced Cryptorchidism Endocrinology, October 2005, 146(10):4536–4544 4543

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/146/10/4536/2500288 by guest on 16 August 2022



14. Zimmermann S, Steding S, Emmen JM, Brinkmann AO, Nayernia K, Hol-
stein AF, Engel W, Adham IM 1999 Targeted disruption of the Insl3 gene
causes bilateral cryptorchidism. Mol Endocrinol 13:681–691

15. Koskimies P, Virtanen H, Lindstrom M, Kaleva M, Potanen M, Huhtaniemi
IP, Toppari J 2000 A common polymorphism in the human relaxin-like factor
(RLF) gene: no relationship with cryptorchidism. Pediatr Res 47:538–541

16. Marin P, Ferlin A, Moro E, Garolla A, Foresta C 2001 Different insulin-like
3 (INSL3) gene mutations not associated with human cryptorchidism. J En-
docrinol Invest 24:RC13–RC15

17. Ferlin A, Simonato M, Bartoloni L, Rizzo G, Bettella A, Dottorini T, Dal-
lapiccola B, Foresta C 2003 The INSL3-LGR8/GREAT ligand-receptor pair in
human cryptorchidism. J Clin Endocrinol Metab 88:4273–4279

18. Feng S, Cortessis VK, Hwang A, Hardy B, Koh CJ, Bogatcheva NV, Agoulnik
AI 2004 Mutation analysis of INSL3 and GREAT/LGR8 genes in familial
cryptorchidism. Urology 64:1032–1036

19. Bogatcheva NV, Agoulnik AI 2005 INSL3/LGR8 role in testicular descent and
cryptorchidism. Reprod Biomed Online 10:49–54

20. Balvers M, Spiess A-N, Domagalski R, Hunt N, Kilic E, Mukhopadhyay AK,
Hanks E, Charlton HM, Ivell R 1998 Relaxin-like factor expression as a marker
of differentiation in the mouse testis and ovary. Endocrinology 139:2960–2970

21. Foresta C, Bettella A, Vinanzi C, Dabrilli P, Merriggiola MC, Garolla A,
Ferlin A 2004 Insulin-like factor 3: a novel circulating hormone of testis origin
in humans. J Clin Endocrinol Metab 89:5952–5958

22. Bay K, Hartung S, Ivell R, Schumacher M, Jürgensen D, Jorgensen N, Holm
M, Skakkebaek NE, Andersson A-M 2005 Insulin-like factor 3 (INSL3) serum
levels in 135 normal men and 85 men with testicular disorders: relationship to
the LH-testosterone axis. J Clin Endocrinol Metab 90:3410–3418

23. Wilson VS, Lambright C, Furr J, Ostby J, Wood C, Held G, Gray Jr LE 2004
Phthalate ester-induced gubernaculum lesions are associated with reduced
Insl3 gene expression in the fetal rat testis. Toxicol Lett 146:207–215

24. Fisher JS, Macpherson S, Marchetti N, Sharpe RM 2003 Human ‘testicular
dysgenesis syndrome’: a possible model using in utero exposure of the rat to
dibutyl phthalate. Hum Reprod 18:1–13

25. Mahood IK, Hallmark N, McKinnell C, Walker M, Fisher JS, Sharpe RM 2005
Abnormal Leydig cell aggregation/migration in the fetal testis of rats exposed
to di (n-butyl) phthalate and its possible role in testicular dysgenesis. Endo-
crinology 146:613–623

26. Bartlett JMS, Kerr JB, Sharpe RM 1986 The effect of selective destruction and
regeneration of rat Leydig cells on the intratesticular distribution of testos-
terone and morphology of the seminiferous epithelium. J Androl 7:240–253

27. Sharpe RM, Maddocks S, Kerr JB 1990 Cell-cell interactions in the control of
spermatogenesis as studied using Leydig cell destruction and testosterone
replacement. Am J Anat 188:3–20

28. Fisher JS, Millar MR, Majdic G, Saunders PTK, Fraser HM, Sharpe RM 1997
Immunolocalisation of oestrogen receptor-� (ER-�) within the testis and ex-
current ducts of the rat and marmoset monkey from perinatal life to adulthood.
J Endocrinol 153:485–495

29. Millar MR, Sharpe RM, Maguire SM, Saunders PTK 1993 Cellular localisa-
tion of messenger mRNAs in rat testis: application of digoxigenin-labelled
probes to embedded tissue. Cell Tissue Res 273:269–277

30. Klinefelter GR, Hall PF, Ewing LL 1987 Effect of luteinizing hormone de-
privation in situ on steroidogenesis of rat Leydig cells purified by a multistep
procedure. Biol Reprod 36:769–783

31. Koch-Nolte F, Duffy T, Nissen M, Kahl S, Killeen N, Ablamunits V, Haag
F, Leiter EH 1999 A new monoclonal antibody detects a developmentally
regulated mouse ecto-ADP-ribosyltransferase on T cells: subset distribution,
inbred strain variation, and modulation upon T cell activation. J Immunol
163:6014–6022

32. Spiess A-N, Balvers M, Tena-Sempere M, Huhtaniemi I, Parry L, Ivell R 1999
Structure and expression of the rat relaxin-like factor (RLF) gene. Mol Reprod
Dev 54:319–325

33. Müller D, Olcese J, Mukhopadhyay AK, Middendorff R 2000 Guanylyl
cyclase-B represents the predominant natriuretic peptide receptor expressed
at exceptionally high levels in the pineal gland. Brain Res Mol Brain Res
75:321–329

34. Chomczynski P, Sacchi N 1987 Single-step method of RNA isolation by acid
guanidinium thiocyanate-phenol-chloroform extraction. Anal Biochem 162:
156–159

35. Klonisch T, Steger K, Kehlen A, Allen WR, Froelich C, Kauffold J, Bergmann
M, Hombach-Klonisch S 2003 INSL3 ligand-receptor system in the equine
testis. Biol Reprod 68:1975–1981

36. Mylchreest E, Sar M, Wallace DG, Foster PMD 2002 Fetal testosterone in-
sufficiency and abnormal proliferation of Leydig cells and gonocytes in rats
exposed to di (n-butyl) phthalate. Reprod Toxicol 16:19–28

37. Barlow NJ, Phillips SL, Wallace DG, Sar M, Gaido KW, Foster PMD 2003
Quantitative changes in gene expression in fetal rat testes following exposure
to di (n-butyl) phthalate. Toxicol Sci 73:431–451

38. Thompson CJ, Ross SM, Gaido KW 2004 Di (n-butyl) phthalate impairs
cholesterol transport and steroidogenesis in the fetal rat testis through a rapid
and reversible mechanism. Endocrinology 145:1227–1237

39. Mylchreest E, Sar M, Cattley RC, Foster PMD 1999 Disruption of androgen-
regulated male reproductive development by di (n-butyl) phthalate during late
gestation in rats is different from flutamide. Toxicol Appl Pharmacol 156:81–95

40. Ema M, Miyawaki E, Kawashima K 2000 Critical period for adverse effects
on development of reproductive system in male offspring of rats given di
(n-butyl) phthalate during late pregnancy. Toxicol Lett 111:271–278

41. Huhtaniemi I, Pelliniemi LJ 1992 Fetal Leydig cells: cellular origin, morphol-
ogy, lifespan and special functional features. Proc Soc Exp Biol Med 201:125–
140
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